The Fas system has been extensively investigated as a model of apoptosis and the caspase cascade has been shown to be a characteristic mechanism of signaling of apoptosis. We have identi®ed and puri®ed a kinase that was activated after the stimulation of Fas on human thymoma-derived HPB ± ALL cells. Partial amino acid sequencing of the puri®ed kinase revealed it to be MST/ Krs, member of the yeast STE20 family of protein kinases. MST/Krs was activated by proteolytic cleavage and proteolytic activation was blocked by the caspase inhibitor, Z-VAD-FK. A mutant MST with Asp?Asn replacement at a putative caspase cleavage site was resistant to either the proteolytic cleavage or the activation of the kinase activity. These ®ndings suggest that proteolytic activation is one activation mechanism of MST and plays a role in apoptosis.
Introduction
Fas (Fas antigen/CD95/Apo-1) is a type I-membrane protein belonging to the TNF receptor family (Itoh et al., 1991) , which includes TNF receptor 1 and 2 (TNFR1 and TNFR2), low anity nerve growth factor receptor, CD27, CD30, CD40 and OX40 (Nagata and Golstein, 1995) . Fas ligand (FasL) also belongs to the TNF family and is synthesized as a type-II membrane protein (Suda et al., 1993) . Ligation of Fas with FasL or with agonistic anti-Fas monoclonal antibody induce apoptotic cell death in various cells (Suda et al., 1993; Yonehara et al., 1989; Trauth et al., 1989) . Fas-mediated apoptosis plays pivotal roles in T and B cell homeostasis (Nagata and Golstein, 1995; Abbas, 1996; Nagata, 1997) ; activation-induced death of T cell, maintenance of immune privilege and deletion of activated or autoreactive B cell. The intracellular domain of Fas contains the death domain required for induction of apoptosis (Nagata and Golstein, 1995) . The death domain consists of approximately 70 amino acids and is conserved among several proteins including TNFR, FADD/MORT1 and TRADD (Yuan, 1997) . The downstream signals of Fas/ FasL have been studied extensively. Triggering of Fas recruits FADD/MORT1 to Fas via interaction between the death domains of Fas and FADD (Boldin et al., 1995; Chinnaiyan et al., 1995) . Pro-caspase-8/MACH/ FLICE is also recruited to Fas through interaction between death eector domains of FADD and procaspase-8, after which several caspases are activated (Boldin et al., 1996; Muzio et al., 1996) . Activation of the caspase cascade is an unique biochemical mechanism of apoptosis (Nagata, 1997) . Caspases cause apoptosis when overexpressed in cells. Caspase inhibitors such as Z-VAD-FK and Ac-DEVD-CHO can block apoptosis, suggesting that the caspase cascade is an essential mechanism of apoptosis. Known molecular targets of caspases are growing in number; DFF (a heterodimeric protein, triggers DNA fragmentation in cell-free systems after proteolytic activation by caspase-3) (Liu et al., 1997) , Lamin (Takahashi et al., 1996) , poly(ADP-ribose) polymerase (PARP), sterol-regulatory element-binding protein (SREBP) , 70 kDa peptide of U1 snRNP (Casciola et al., 1994) , protein kinase C d (PKCd) (Emoto et al., 1995) , and DNA-dependent protein kinase (DNA-PK) (Casciola et al., 1995) are also cleaved by caspases. It is not known, however, whether the cleavage of these substrates plays a role in apoptosis.
Protein kinases and (or) phosphatases have been suggested to play a role in apoptosis although the caspase cascade is essential to apoptosis. FAP-1 (Sato et al., 1995) , a Fas-associated phosphatase, negatively regulates Fas-mediated apoptosis in some cells. PKCd is proteolytically activated by various apoptotic stimuli, Staurosporine, a serine/threonine kinase inhibitor, induces apoptosis (Jacobsen et al., 1996; Mehlen et al., 1996) . Butyrolactone I, a CDK-speci®c inhibitor, inhibits Fas-mediated apoptosis (Furukawa et al., 1996) . SAPK/JNK or p38 kinase activity increases during apoptosis (Cahill et al., 1996) and activation of SAPK is reportedly necessary for the neuronal apoptosis (Xia et al., 1995) . A speci®c 34 kDa kinase becomes activated by various apoptotic stimuli (Cahill et al., 1996; Lu et al., 1996) . Recently, PAK2, a serine threonine kinase whose activity is regulated by Rac and Cdc42, was reported to be activated by caspase-dependent cleavage and suggested to be involved in apoptosis (Rudel and Bokoch, 1997) . But the biochemical role of kinase/ phosphatase in apoptosis is still unknown.
To investigate the involvement of kinase/phosphatase in Fas-mediated apoptosis, we undertook studies to identify the kinase that was activated during apoptosis. We identi®ed the activity of 34 kDa protein kinase by in-gel phosphorylation assay using histone as substrate. Here, we report that: (1) this protein kinase is identical to catalytic domain of MST1/Krs2 and MST2/Krs1, STE20 family kinases; (2) MST1/MST2 is proteolytically activated by apoptotic stimuli; and (3) activation is blocked by caspase inhibitor, suggesting proteolytic activation of MST plays a role in generating apoptosis-inducing signals downstream of caspases.
Results

Identi®cation of protein kinase activity induced during the Fas-mediated apoptosis
Human HPB-ALL thymoma cells were treated with anti-Fas mAb and incubated for varying intervals. Then, we studied the changes of kinase activity using in-gel kinase assay. We detected activity of a histone kinase of 34 kDa after 1 h incubation with anti-Fas mAb which maximized after 2 ± 3 h ( Figure  1 ). The kinetics of activation of the kinase correlated well with DNA ladder formation ( Figure 1a ) and the onset of morphologic apoptosis (data not shown). Longer exposure to anti-Fas mAb showed decreased kinase activity, suggesting the loss of cell components by apoptosis. Myelin basic protein (MBP) and c-Jun were weakly phosphorylated by this kinase although casein and MAP2 were not signi®cantly phosphorylated. Autophosphorylation activity of this kinase was not detected in in-gel kinase assay in the absence of substrates (data not shown). The kinase activity was induced with antiFas mAb dose-dependently ( Figure 1c ). Cytoplasmic extracts of HPB ± ALL cells were analysed by QSepharose chromatography and the kinase activity was eluted at 0.3 M NaCl from the anti-Fas mAbstimulated but not from unstimulated cell extract. We observed neither increase nor decrease of other histone kinase activities after the stimulation with anti-Fas mAb (data not shown).
The activity of the 34 kDa protein kinase was also induced in HPB ± ALL cells by the stimulation of staurosporine or C-2 ceramide in combination with cycloheximide (CHX) with similar time course as anti-Fas mAb, though C-2 ceramide or CHX alone did not induce the activity (Figure 2b ). The activation of the kinase coincided well with the induction of apoptosis, since staurosporine or C-2 ceramide plus CHX induced apoptosis while C-2 ceramide or CHX alone did not, in HPB ± ALL cells (Figure 2a and b) . A 60 kDa kinase activity was also induced by the treatment with staurosporine ( Figure 2b ). This activity was not inhibited by a caspase inhibitor, Z-VAD-FK, although Z-VAD-FK markedly inhibited the activation of the 34 kDa kinase by the treatment with anti-Fas mAb, C-2 ceramide or staurosporine (data not shown). Ac-DEVD-CHO, an inhibitor for caspase-3-like protease inhibited the activation of the 34 kDa kinase to a lesser extent than Z-VAD-FK, and the inhibition pro®le correlated well with DNA ladder formation (data not shown), implying that the protein kinase was activated at downstream of Ac-DEVD-CHOsensitive caspase-3-like protease. In contrast, Ac-YVAD-CHO, an inhibitor for caspase-1-like protease, did not inhibit the activation of the kinase (data not shown) suggesting that Ac-YVAD-CHOsensitive caspase-1-like protease is not involved in Fas-mediated apoptosis in HPB ± ALL cells.
Puri®cation of the 34 kDa protein kinase
The protein kinase activity was puri®ed with stepwise column chromatography procedure; SP Sepharose, Q- Figure 1 Activation of 34 kDa protein kinase in Fas-induced apoptosis. HBP ± ALL cells were treated with 1 mg/ml anti-Fas mAb (CH-11) and harvested at the indicated times. Cell lysate, prepared as described in Materials and methods, was resolved on 1.5% agarose and DNA fragmentation was monitored by staining with ethidium bromide (a), or resolved on 12% polyacrylamide gel containing 0.2 mg/ml histone as substrate and analysed by autoradiography (b). (c), HPB ± ALL cells were treated with indicated amounts of anti-Fas mAb and harvested at 2 h. Total cell lysate was subjected to in-gel kinase assay using histone as substrate and the kinase activity with 34 kDa was measured after autoradiography Sepharose, butyl Sepharose, Mono Q and Superdex 75 gel ®ltration column chromatography. Partially puri®ed kinase did not react to anti-PKCd antibody and the protein kinase activity was not inhibited by PKC speci®c inhibitors. The 34 kDa protein kinase did not eciently phosphorylate MBP (amino acids 4 ± 14), a good substrate for PCKd (data not shown). These results suggest that the protein kinase with 34 kDa is not a cleaved form of the PKCd with 40 kDa (Emoto et al., 1995) .
Active fractions from the ®nal Superdex 75 column chromatography were analysed by SDS-polyacrylamide gel electrophoresis (PAGE) and distribution of kinase activity and protein pro®le were observed by in-gel kinase assay and silver staining, respectively ( Figure 3 ). No histone kinase activity of higher molecular weight was detected. Further separation was performed by two-dimensional electrophoresis. In-gel phosphorylation assay showed three or four distinctive spots of kinase activity with slightly dierent isoelectric points (pI), ranging from pI 5.0 to pI 5.5 ( Figure 3d ). Silver staining showed, however, six distinct protein spots with 34 kDa and the same pI range. Four of the six spots co-migrated with the kinase activity while the other two spots with 34 kDa were not associated with kinase activity (Figure 3c ). Figure 3c shows the other spots of protein; two spots with 40 kDa and consecutive spots with 60 ± 70 kDa. The protein with 40 kDa was observed also in Figure 3a , and the consecutive spots of high molecular weight might be cytokeratins contaminated during isoelectric focusing.
The four protein spots that coincided well with the kinase activity were divided into halves by a slight dierence of pI range. Then, the two pairs of the four protein spots, and one pair of the remaining two spots of the same molecular weight were separately recovered from polyacrylamide gel and digested partially with V8 protease. Resulting peptides were separated by SDS ± PAGE and subjected to peptide sequencing. (MST2) (Creasy and Cherno, 1995a) . The calculated molecular mass of cleaved kinase domain is 35 kDa. These results show that our puri®ed protein kinase is the catalytic domain of MST/Krs, cleaved by caspases. Interestingly, the remaining pair of spots with 34 kDa which had no kinase activity in in-gel phosphorylation assay and were slightly dierent in pI from the kinaseactive spots, were also identi®ed as MST/Krs.
Proteolytic activation of MST/Krs by caspase during apoptosis
To examine the proteolytic cleavage of MST/Krs, KB cells were transfected with FLAG-tagged MST1 and MST2 and then apoptosis was induced by the treatment with 0.5 mg/ml anti-Fas mAb (CH-11) together with 25 mg/ml CHX. The immunoprecipitates from the cell lysate with anti-FLAG antibody were analysed by immunoblotting and in-gel phosphorylation assay. As expected, FLAG-tagged MST1/ MST2 were cleaved to kinase-active 34 kDa fragment by the treatment with anti-Fas mAb time-dependently ( Figure 4 ). We prepared FLAG-tagged mutants of MST1 (D326N) and MST2 (D322N) in which aspartic acid, a conserved recognition amino acid of caspases was mutated to asparagine. These mutated MST1 and MST2 were also introduced into KB cells by electroporation. Mutant MST1 (D326N) and MST2 (D322N) were never cleaved up to 5 h in KB cells, The 34 kDa protein kinase is activated by various apoptotic stimuli and inhibited by caspase inhibitor. HPB ± ALL cells were preincubated for 1 h with (+) or without (7) cycloheximide (CHX, 25 mg/ml), and with 1% DMSO (7) or Z-VAD-FK (25 mM). Then anti-Fas mAb (1 mg/ml), C-2 ceramide (100 mM) or staurosporine (1 mM) was added for 2 h. The stimulated cells were resolved on 1.5% agarose gel (a) or subjected to in-gel kinase assay (b) as described in the legend to Figure 1 showing that Asp 326 (MST1) and Asp 322 (MST2) are cleavage sites (Figure 4b ). The same result was obtained in Jurkat cells treated with 0.5 mg/ml antiFas mAb (Figure 5a , right panel and unpublished data).
The proteolytic fragment of MST1/MST2 phosphorylated histone (Figure 4c, upper panel) and MBP in in-gel kinase assay (data not shown) but we did not observe autophosphorylation activity of the 34 kDa fragment (Figure 4c, lower panel) . In contrast, full length-MST1/MST2 had weak autophosphorylation activity but did not phosphorylate histone or MBP (Figure 4b and c) . Autophosphorylation activity of full-length MST1/MST2 was not signi®cantly activated by the treatment with anti-Fas mAb (Figure 4c) . We analysed the activation of JNK and p38 protein kinase activity in KB and Jurkat cells transfected with MST1/ MST2 and the 34 kDa form of MST, showing that JNK and p38 activity was not elevated by the proteolytic activation of MST (data not shown).
The cleavage of FLAG-tagged MST was significantly inhibited by Z-VAD-FK in both KB and Jurkat cells, indicating that caspases cleave MST (Figure 5a ). Ac-DEVD-CHO, however, inhibited very weakly while Ac-YVAD-CHO did not inhibit at all, the proteolytic activation of MST in KB cells (Figure 5a, left panel) . In contrast, Ac-DEVD-CHO inhibited considerably the proteolytic activation of MST in Jurkat (Figure 5a , right panel). These results suggest that dierent sets of caspases may be activated in Jurkat and KB cells after the stimulation with anti-Fas mAb. We analysed the in vitro eect of the recombinant caspase-3 to FLAGtagged MST. Both MST1 and MST2 were directly cleaved to 34 kDa fragments with kinase activity (data not shown), suggesting that MST is a physiological substrate of caspases.
The proteolytic cleavage of MST coincided well with the induction of apoptosis. Overexpressed recombinant MST was cleaved by the treatment with TNFa in combination with CHX but we could not detect the The same fractions were analysed by in-gel kinase assay using histone as substrate. Kinase-active fractions from fraction 22 ± 32 were analysed by 2-dimensional electrophoresis. Gels were silver-stained (c) or subjected to in-gel kinase assay (d) cleavage form of the recombinant MST after stimulation with U.V., etoposide, staurosporine or C-2 ceramide in KB cells (Figure 5b ). Overexpressed recombinant MST in Jurkat cells, however, was cleaved by the treatment with staurosporine but not by U.V., etoposide and C-2 ceramide (Figure 5b ). These results might mean that activation and/or expression levels of various caspases are dierent in KB and Jurkat cells.
Discussion
We show, here, that a protein kinase with Mr 34 kDa is activated by the stimulation with anti-Fas mAb and the protein kinase is a cleaved catalytic domain of MST/Krs. MST is a physiological substrate of caspases and proteolytically activated during the execution of apoptosis. Some previous reports indicated that a kinase with 34 kDa is activated during apoptosis; U.V. irradiation-induced apoptosis leads to activation of a 36 kDa MBP kinase in HL-60 cells (Lu et al., 1996) and triggering of Fas results in the induction of several kinases including 35 kDa form that phosphorylate c-Jun and histone (Cahill et al., 1996) . These reported kinase may be cleaved MST1/MST2 since both MBP and histone are good substrates for the cleaved MST. PAK2, another member of the STE20 kinase family is also reportedly cleaved to active 34 kDa fragment by caspase in Fas-mediated apoptosis (Rudel and Bokoch, 1997 ) is optimal to caspase-3 and MST1/MST2 were cleaved by recombinant caspase-3, indicating that MST may be a good substrate of caspase-3. Identi®cation of the substrate protein of caspases and clari®cation of the biochemical function of the substrates are essential in understanding the molecular mechanism of apoptosis. In these points, biological and biochemical functions of cleaved MST must be explained.
MST is an STE20-related kinase and classi®ed in the germinal center kinase (GCK) subfamily (Creasy and Cherno, 1995a,b) . MST and other members of the GCK subfamily have an N-terminal kinase domain and C-terminal regulatory domain. The C-terminal region of MST is reportedly needed for dimerization and regulates the activity of the N-terminal kinase domain (Creasy et al., 1996) . The C-terminal domain of MST may be a negative regulatory domain since its proteolytic removal increases kinase activity markedly (Figure 4 ). Recombinant C-terminal deletion mutants of MST1 and MST2 also have higher kinase activity than full-length MST (data not shown). Wild type MST does not phosphorylate histone or MBP in in-gel kinase assay although the cleaved catalytic kinase domain of MST strongly phosphorylates histone and MBP. The catalytic domain of MST (cleaved MST) has undetectable autophosphorylation activity in in-gel kinase assay though full length MST has autophosphorylation activity. Thus, removal of the C-terminal a domain increases kinase activity and changes the substrate speci®city which may be important in apoptosis. Moreover, removal of the C-terminal region may deregulate subcellular localization of MST, leading to the phosphorylation of various target proteins.
The protein kinase activity of MST may be regulated by not only proteolysis but also other modi®cations, since we detected an inactive 34 kDa form of cleaved MST by two-dimensional electrophoresis (Figure 3c and d) . This result indicates that modi®cations such as phosphorylation or dephosphorylation in vivo are critical to the activation of the cleaved form of MST. The physiological stimuli leading to activation of MST and the biochemical role of MST itself are not known. MST does not reportedly respond to U.V. irradiation or hypertonic stress but becomes activated by heat-shock of 558C, and high concentration of sodium arsenite, okadaic acid and staurosporine (Taylor et al., 1996) . Some GCK family kinases are reportedly activated by stress; GCK is activated by in¯ammatory cytokines such as TNFa (Pombo et al., 1995) , SOK1 is activated by oxidative stress such as H 2 O 2 (Pombo et al., 1996) and the expression level of Sps1p, a member of GCK family in Schizosaccharomyces pombe, increases markedly during sporulation, a process that is initiated by nutrient deprivation (Friesen et al., 1994) . Thus, GCK family kinases, including MST may be involved in cellular responses to various forms , 254 nm, 15 min). Cells were incubated for indicated periods at 378C and total cell lysates were analysed by immunoblotting of stress. Therefore, it could not be ruled out that proteolytic activation of MST is necessary for the response to in¯ammatory stress.
Recently it was reported that PAK2, another member of the STE20 kinase family, is proteolytically activated by caspase and Jurkat cells that express a dominant-negative PAK2 mutant are resistant to the Fas-induced formation of apoptotic bodies but cause the enhanced externalization of phosphatidylserine (Rudel and Bokoch, 1997) . This suggests that caspase-mediated activation of STE20 kinases regulate some aspects of apoptosis although the role of the cleaved MST in apoptosis is unclear. PAK has a long N-terminal extension containing p21-binding domain which is dierent from the C-terminal tail of MST, although the C-terminal kinase domain of PAK is very similar to the N-terminal kinase domain of MST. The dierences in ®ne structure especially in the noncatalytic domain might cause dierent biological activity of MST and PAK2. It is necessary to clarify whether the cleaved MST is involved in the execution of apoptosis downstream of the caspase cascade, and the clari®cation of the biological and biochemical function of MST may be necessary for the understanding of the role of the cleaved MST in apoptosis.
Materials and methods
Puri®cation of the 34 kDa protein kinase
Human thymoma-derived cell line, HPB ± ALL was cultured to 5610 5 cell/ml in 40 liter of RPMI 1640 (Nissui, Tokyo) supplemented with 10% fetal calf serum (FCS), 20 mM HEPES (pH 7.3), 50 mM 2-mercaptoethanol, 50 unit/ml penicillin and 50 mg/ml streptomycin. Cells were concentrated to a density of 2.5610 7 cells/ml and stimulated with 1 mg/ml anti-Fas mAb CH-11 (Yonehara et al., 1989) , for 2 h. After washing once with cold phosphate-buered saline (PBS), cells were harvested and frozen in liquid nitrogen. Cell pellets were thawed on ice and suspended with 200 ml of 20 mM Tris⋅HCl (pH 7.5) containing 10% glycerol, 50 mM NaF, 10 mM b-glycerol phosphate, 2 mM EDTA, 1 mM dithiothreitol (DTT), 1 mM vanadate, 1 mM phenylmethylsulfonyl¯uoride (PMSF) and 5 mg/ml aprotinin (buer IA) and cells were homogenized in Dounce homogenizer with ten strokes. After centrifugation for 1 h at 100 000 g at 48C, the supernatant was loaded onto SP Sepharose FF (40 ml). After adding NaCl to 0.15 M, 1/3 of the¯ow-through fraction was loaded onto HiPrep 16/10 Q Sepharose FF. After washing with buer QA (buer IA+0.15 M NaCl), the column was eluted with a 200 ml linear gradient of 0.15 M to 0.5 M NaCl. The column was run three times and eluted fractions were assayed with in-gel kinase assay using histone (Sigma) as substrate. The protein kinase fractions were pooled and 1/8 the volume of saturated ammonium sulfate in 20 mM Tris⋅HCl (pH 7.5) containing 50 mM NaF, 10 mM bglycerol phosphate, 2 mM EDTA, 0.1 mM DTT, 0.1 mM vanadate, 0.1 mM PMSF and 5 mg/ml aprotinin (buer BA) was slowly added with gentle stirring and further incubated for 30 min on ice. After centrifugation for 30 min at 10 000 g at 48C, 1/2 the volume of the supernatant was loaded onto butyl Sepharose FF (7 ml). The column was eluted with buer BA containing 50% ethylene glycol. The column was run twice and the kinaseactive fractions were dialized against buer QA. Then, the active fractions were loaded onto a Mono Q column and eluted with a 20 ml gradient of 0.15 ± 0.5 M NaCl. Activity fractions were concentrated to 2.5 ml by vacuum evaporation and resolved on Hiload 16/60 Superdex 75. Aliquots of the kinase fraction were subjected to two-dimensional electrophoresis and analysed by sliver staining and in-gel kinase assay.
In-gel kinase assay
In-gel kinase assay was performed as described previously (Kameshita and Fujisawa, 1989) . In brief, gels for SDS ± PAGE were prepared with 0.5 mg/ml of substrate protein co-polymerized in the resolving gel. After electrophoresis, gel was incubated for 30 min twice with wash buer (50 mM Tris⋅Cl (pH 7.4), 5 mM b-mercaptoethanol and 20% isopropanol). The gel was denatured by incubating in two changes of 6 M guanidine⋅HCl in wash buer for 30 min each, followed by renaturation by incubating the gel overnight in 0.04% Tween 40 in wash buer at 48C. The renatured gel was then equilibrated with kinase reaction buer (40 mM HEPES (pH 7.4), 5 mM MgCl 2 , 2 mM DTT and 0.1 mM EGTA) for 10 min at room temperature. The kinase reaction was initiated by the addition of 25 mCi of [g-32 P]ATP and the gel was incubated at room temperature for 1 h. The reaction was terminated by washing the gel extensively with 1% pyrophosphate in 5% trichloroacetic acid. The gel was dried and subjected to autoradiography.
Peptide sequencing of the protein kinase
Following the ®nal Superdex 75 column chromatography, the kinase-active fractions were pooled and concentrated by vacuum evaporation. After trichloroacetic acid precipitation and washing with ice-cold acetone, precipitate was dissolved in 8 M urea, 65 mM DTT, 2% pharmalyte 3 ± 10 (Pharmacia), 0.5% Triton X-100 and 0.1% SDS and resolved by two-dimensional electrophoresis using Multiphor II system (Pharmacia) and Investigator (Millipore). Protein spots which comigrated with protein kinase activity in the in-gel kinase assay were recovered and partially digested with V8 protease (Boehringer Mannheim). Peptides were resolved on SDS ± PAGE and transferred to polyvinylidene¯uoride (PVDF) membrane (ABI). Resulting peptides were subjected to amino acid sequence analysis.
Plasmid constructs
MST cDNA was obtained by reverse transcriptasepolymerase chain reaction (RT ± PCR) from human HPB ± ALL total RNA by using LA ± PCR (Takara, Kyoto). For cloning of MST2 primers, 5'-GTAGG-ATCCATGGAGCAGCCGCCGGCGCCT-3' and 5'-GT AGAATTCGGG AATTTACCTGGGCATGTACCATTG-TCA-3' were used. Primers, 5'-GTAGGATTCA-TGGA-GACGGTACAG-3' and 5'-GTAGAATTCTGGCTAA-CAAACATGAGGC-3' were used for cloning of MST1. PCR products were double-digested with BamHI/EcoRI and subcloned into pBluescriptII-SK and con®rmed by sequencing. FLAG-tagged full-length MST and C-terminal deletion spanning amino acids 1 ± 299 (MST1) and amino acids 1 ± 300 (MST2) were generated by PCR. The coding region was inserted into mammalian expression vector pME18S (Sakamaki et al., 1992) as FLAG-tagged forms. Point mutants of MST were obtained by Quick-Change site-directed mutagenesis (Stratagene) and con®rmed by sequencing.
Cell culture and transient transfection
Jurkat and HPB ± ALL cells were cultured in RPMI 1640 with 10% FCS, 20 mM HEPES (pH 7.3), 50 mM 2-mercaptoethanol, 50 unit/ml penicillin and 50 mg/ml streptomycin. KB cells were maintained in Dulbecco's modi®ed Eagle's medium supplemented with 10% bovine fetal calf serum (FCS) and 100 mg/ml kanamycin. Jurkat (1610 7 cells) cells, grown to 2610 5 cells/ml and KB cells, grown in 10 mm dishes to 70% con¯uency were transfected with expression vectors encoding various forms of MST1 and MST2 by electroporation at 300 volt with a capacitance of 960 mF using Gene Pulser (Bio-Rad). Cells were incubated for 48 h at 378C and then treated with various stimulants.
Analysis of DNA fragmentation by agarose gel electrophoresis Cells (1610 6 ) were lysed in 100 ml of 10 mM Tris⋅HCl (pH 7.4) containing 10 mM EDTA and 0.5% Triton X-100. Supernatant was mixed with 40 mg of RNase A and incubated at 378C for 1 h. After incubation with 40 mg of proteinase K at 378C for 1 h, the digested sample was precipitated with 20 ml of 5 M NaCl and 120 ml of isopropanol. The DNA was dissolved in 10 mM Tris⋅HCl (pH 8.0) containing 10 mM EDTA and separated in 1.5% agarose gels.
Western blot analysis
Cellular total proteins were (30 mg) separated by SDS ± PAGE and transferred to PVDF membrane (Millipore). The membranes were blocked in 20 mM Tris⋅HCl (pH 7.5) containing 150 mM NaCl and 0.1% Tween 20 (TBST) with 5% skim milk at room temperature for 1 h. Antibodies were applied in TBST containing 5% skim milk at appropriate dilutions for 1 h. The membranes were then washed with TBST and incubated for 1 h with horseradish peroxidase-conjugated sheep anti-mouse IgG (Amersham) or rabbit anti-goat IgG (Organon Teknika Co.). The speci®c signals were detected on X-ray ®lms using an enhanced chemiluminescence (ECL) detection system (Amersham).
MST kinase assay
Various forms of FLAG-tagged MST were immunoprecipitated from total cell lysate with 2 mg of anti-FLAG M2 antibody (Kodak) and protein G-Sepharose (Pharmacia) for 2 h at 48C, and then washed extensively. Same amounts of immunoprecipitates as analysed by Western blot were subjected to in-gel kinase assay using 0.5 mg/ml of histone (Sigma), MBP (Sigma) or glutathione S-transferase (GST)-cJun (1 ± 79) as substrates. For immune complex kinase assay, immunoprecipitates were incubated with 5 mg of substrate in 20 ml of kinase reaction buer (40 mM HEPES (pH 7.5) with 20 mM MgCl 2 , 20 mM b-glycerol phosphate and 0.1 mM vanadate) containing 25 mM ATP and 2.5 mCi of [g-32 P]ATP for 20 min at 308C. Reactions were terminated by adding 7 ml of 46Laemmli's sample buer and boiling for 5 min. A portion of the sample (15 ml) was separated on a 12% SDS-polyacrylamide gel and autoradiographed.
